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This paper presents the monitoring process of gas bubbles flow in water using an optical tomography 
system. The system is aided by an Independent Component Analysis (ICA) algorithm for distinguishing 
the gas bubbles in pure water. The optical attenuation model is implemented for studying the light 
transmissions to different media which is water and air. Several quantities of air are inserted using an air 
pump which is installed at the bottom of a flow pipe in order to produce the gas bubbles flow upwards. 
The quantity of air is controlled by using a valve and five types of bubble flow are investigated; a single 
bubble flow, double bubble’s flow, 25% of air opening, 50% of air opening and 100% of air opening. The 
concentration profiles of the gas bubble flow are constructed. The concentration profile obtained from the 
experiments shows that the ICA algorithm can be used as a tool for imaging the two-phase flow phase 
distribution.      
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1.0  INTRODUCTION 
 
Investigation on two-phase flow measurement involved varying 
phase distribution and the velocity profile with temporal and 
spatial coordinates [1]. It is vital to acquire information about the 
flow behaviour in order to optimise the process and minimise the 
cost of designing conveying equipment. The identification of 
spatial distribution of two-phase flow is widely used in large-
scale applications such as oil and nuclear industry to provide a 
better understanding of the flow process [2]. Two-phase flow can 
be liquid-gas, gas-solid and solid-liquid. Investigation on gas 
bubble behaviour in industry such as food and pharmaceutical 
are essential, since the existence of unwanted bubbles can reduce 
the quality of product [3]. Tomography method has been 
introduced to the industrial field and has successfully provided 
huge contributions in imaging and identifying of the various flow 
patterns and boundaries. Before the tomography method was 
introduced, the point sensor was the main type of sensor used in 
the assessment process. However, the use of a point sensor is not 
appropriate as it disturb the flow field [4]. Around 1970s, the 
tomography method was proposed and assimilated in industry 
for monitoring and designing process [5]. It is termed “Process 
Tomography” (PT).  
  The significant advantage of using PT is that the operation 
can continue without disturbing the process flow since the 
sensors are located around and outside the pipelines [6]. Hence, 
the accuracy and efficiency of getting a good product is quite 
high. For example, the oil and gas industry has applied the 
method to detect the irregularities in the oil component when the 
crude oil is transferred from the sea in the pipelines [7]. Another 
example is in the food technologies industry when the system is 
used for rice weighing process [8]. The previous research in 
process tomography focused on measuring several important 
parameters such as mass flow rate [9], [10], concentration profile 
[11-13], velocity profile [14] and particles sizing [15]. The 
sensors that have been used for investigating the two-phase or 
multiphase flow are ultrasonic, optical, electrodynamics, 
magnetic induction, electrical resistance and electrical 
capacitance.  
  This paper presents an optical tomography system to 
monitor gas bubbles flow in a vertical pipe using the 
Independent Component Analysis method. Optical tomography 
is an attractive method and has a huge potential in the 
tomography field since it is conceptually straight forward, cheap 
and has a good dynamic response [16].  
 
 
2.0  MATHEMATICAL MODELLING 
  
Two parts of mathematical modelling are considered for the 
system; optical attenuation model and Independent Component 
Analysis (ICA) model. In the optical attenuation model part, it 
discusses varying voltage when the gas bubbles were present in 
the water medium. Whereas, for ICA part, it discusses about the 
concept of ICA, the application of ICA in various fields and also 
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2.1  Optical Attenuation 
 
In this optical attenuation model, the Beer-Lambert’s law is 
applied for modelling the presence of gas bubbles in the liquid 
medium [17-18]. In this paper, we investigated the level of light 
energy when it passed through the liquid medium. The energy of 
light transmitted from a transmitter is attenuated when it reached 
the receiver. The amplitude voltage for switching on the 
transmitter is 5 Volt (V). The voltage is set by using a PIC 
Microcontroller. The amplitude of 5 V is detected by the receiver 
if there are no voltage losses during the light transmitting from 
transmitter to receiver. However, light from the transmitter has to 
pass through the pipe first before it travelled to water and then 
detected by the receiver. In this condition, light is collimated 
slightly by the pipe surface, hence the light path may be refracted 
as well scattered as such it may deviate from the actual route. It 
caused the voltage to decrease before the light cross the water 
medium. At the end, the receiver voltage is reduced to between 
4.5 V until 4.7 V only. The modeling focused on the attenuation 
effect rather than the scattering effect since the mathematical 
modelling for light scattering effect is negligible.The Beer-
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Where: 
VR  = Receiver voltage (V)   
VT  = Transmitter voltage (V) 
αw  = Attenuation coefficient for water medium (mm-1) 
Lw = Path length of light travelling through the liquid (mm) 
αg  = Attenuation coefficient for gas (mm-1) 
Lg  = Path length of light travelling through the gas (mm) 
αp = Attenuation coefficient for pipe (mm-1) 
Lp  = Path length of light travelling through the pipe (mm) 
αt   = Total attenuation coefficient (mm-1) 
Lt   = Total path length (mm)  
 
  The transmitter voltage was set at 4.5 V rather than 5 V 
since the transmitter light experienced voltage losses when it 
passes through the pipe surface. The attenuation coefficient for 
water is αw = 0.0287 mm-1 and the attenuation coefficient for gas 
is αg = 0.0142 mm-1 [19]. The attenuation coefficient for acrylic 
pipe is assumed to αp = 0.0413 mm-1. The path length of light 
travelling through the liquid and pipe is Lw = 96 millimetre (mm) 
and Lp = 2 mm respectively. The value of 96 mm is obtained by 
subtracting 4 mm which represents the pipe surface diameter 
from the total diameter of the pipe which is 100 mm. Three 
models of optical attenuation are discussed; no gas bubble, a 
single gas bubble and double gas bubble in water. Figure 1 
shows the light path from a transmitter to a receiver when no gas 
bubble is present in the water medium. In this case, the energy of 
light is attenuated water only and Lg is equal to 0 mm. The value 
of VR is obtained by:  
)2)(0413.0(06)(0.0287)(9 - 5.4  eVR V                                  (3)                                                           
(0.0586)5.4RV V                                                           (4)                                                                 
0.2635RV V                                                                 (5)                                                                         
The value of 0.0586 in Equation (4) is the total exponential value
which is a significant value to investigate for 
monitoring the presence of gas bubbles using the Independent 
Component Analysis algorithm. Figure 2 shows a single gas 
bubble in water medium which interrupts light from transmitter 


















Figure 2  The condition of light path in water when a gas bubble is 
present in pure water 
 
 
  The value of the receiving voltage, VR when light passed 
through the bubble in water can be determined as follows:  
 
)2)(0413.0()5)(0142.0(5)-6(0.0287)(9 - 5.4  eVR  V                      (6)                                                       
(0.0630)5.4RV V                                                              (7)                                                                           
0.2833RV V                                                                     (8)                                                                                   
 
For a single bubble flow, the bubble’s diameter is Lg = 5 mm. 
The value of total exponential value in Equation (7) 
is higher when there is a gas bubble flow. This is due to an 
increase in the attenuation level of energy since the light path has 
to pass two different medium which are water and gas. Hence, 
the VR value also increased. The modelling for double bubble is 
illustrated as Figure 3. The model represents two different 
bubble sizes which were generated in the experiment. The 
equation of the receiving voltage, VR for double bubbles model is 
obtained by:  
 
)2)(0413.0()8)(0142.0()5)(0142.0(13)-6(0.0287)(9 - 5.4  eVR  V     (9)                                        
(0.0707)5.4RV V                                                            (10)                                                                           


























Figure 3  The light path when double bubbles model is present in water 
 
 
  In this case, light has to pass through water and two gas 
bubbles of different sizes before it reached the receiver. The 
diameter of the small bubble is Lg1 = 5 mm and the larger bubble 
is Lg2 = 8 mm. The total exponential value for this case is the 
highest compared to the two previous cases. The presence of 
several gas bubbles resulted in the attenuation of light. Besides, 
the value also indicates that the size of gas bubbles plays an 
important role in determining the value of VR. 
 
2.1  Independent Component Analysis Model 
 
Independent Component Analysis (ICA) is an attractive method 
that can solve the Blind Source Separation (BSS). BSS is the 
problem where information regarding the number of mixed 
signals is limited, and we do not know how the signals are 
formed [20]. The problem make it difficult to separate and 
estimate the process of original source since the specific 
knowledge about the sources is inadequate [21].  Hence, it is 
vital to design an adaptive system to solve this problem. ICA has 
been applied for extracting telecommunication signals [22] and 
phase flow separation in tomography [21]. It also can be 
implemented in food technology where Chen and Wang [23] 
used ICA for estimating the fat content in a meat.  Moreover, 
ICA has been utilized by Polder et al. [24] to investigate the 
spectral images for tomatoes.  In another field, Pu and Yang [25] 
successfully used ICA for classifying the text document based on 
the topic in a book.  In their research, four topics have been 
selected from a book. Then, using ICA, the text regarding each 
topic was successfully divided. The general model of ICA is 
described as: 
                                                (12)                                                                               
 
where A is an unknown matrix called the mixing matrix. X is the 
observed signals and S is the source signals. The aim of ICA is to 
get the mixing matrix (A) and/or source signal matrix (S) given 
only realizations of the observation matrix of X. The estimation 
process continued for the sources by obtaining the “unmixing 
matrix” W, and theoretically W =A−1. This enables an estimation 
of the independent sources to be obtained as: 
                                                          (13) 
                                                             
This research focused on extracting signals at receivers where 
the signals are transmitted by transmitters surrounding the pipe. 
The illustration for this case is shown in Figure 4. In Figure 4, 
two signal transmitters which have different pulse durations are 
transmitted to two receivers. Using ICA, both signals are 
separated and brought along the separating matrix (Ŝ) in an 
arbitrary form. The mathematical model for an application of 
ICA for two pairs of sensors and two attenuation coefficients is 
shown in Figure 5.  
  In Figure 5, TX1 and TX2 indicate transmitter 1 and 
transmitter 2 respectively while RX1 and RX2 are receiver 1 and 
receiver 2 respectively. Two attenuation coefficients are denoted 





















α1 = Attenuation coefficient 1
α2 = Attenuation coefficient 2Pipe
 
Figure 5  Model of two sensor’s pair with two attenuation coefficients 
 
 
  In this case, each receiver has detected the signals from both 
transmitters. The equation for the voltage at receiver 1 (VR1) and 
voltage at receiver 2 (VR2) are written as: 
 
   (14)                                      
      
(15)                                   
 
Equations (14) and (15) are simplified as follows: 
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                  X    =                        A                               S 
 
 
  (18)                                     
 
where VR1 and VR2 represent the observed signal (X), is 
the mixing matrix (A) whereas VT1 and VT2 represent the source 
signals (S). The parameter of interest in Equation (18) is the 
matrix A. Based on the mathematical modelling in the optical 
attenuation model, is varied when gas bubbles 
interrupted the light transmitting path. The output matrix after 
the implementation of the ICA algorithm is written as equation 
(19). Matrix A can be obtained by inversing the matrix W since 
theoretically in ICA, W =A−1.                                              
 
                         Ŝ    =             W                X 
            (19)                                             
 
Practically, the measurement system consists of eighteen 
transmitters and eighteen receivers. Hence the equation for the 
output matrix can be written as: 
 
                   Ŝ     =                     W                        X 
    (20)                                          
 
The calculation for getting the Average value (Q) is based on the 
following steps:  
a) ICA is used for separating the eighteen signals from the 
sensors into a single transmitter signal. ICA produced an 
unmixed matrix (W) which is in an arbitrary row. Matrix W 
has to be rearranged as written in Equation (20) based on the 
transmitter's pulse duration. Transmitter 1 (TX1) is set to 1 
millisecond (ms), transmitter 2 (TX2) is set to 2 ms and 
followed until transmitter 18 (TX18) which is set to 18 ms 
respectively.  
b) In the ICA theory, W = A-1. The matrix A which is also 
known as the turbidity factor is the parameter of interest. 
Mixing matrix (A) is indicated as which has 18 
columns and 18 rows. It represents the 18 receivers and 18 
transmitters respectively. The matrix of A can be written as 
Aj,k where j is the transmitter number and k is the receiver 
number.  
c) As an example, let the value of A3,2 as 1.632. This indicates 
that, the light transmitted from transmitter TX3 to receiver 
RX2 have a turbidity factor of 1.632. 
d) Pixels (Z) is the affiliation between A and light’s path length, 
where light crossed a pixel. The Z value is calculated by: 
 
 Zr,c= (u/t) × Aj,k                                (21) 
where r and c represents the row and column respectively. u 
is the path length of light that pass through the pixel in cm 
and t is the total length from the transmitter to the receiver. 
For example, in the case of light from transmitter TX3 to 
receiver RX2, matrix A resulted in A3,2 = 1.632. Figure 6 
represents the circular pipe when it is imposed on a 
sensitivity map. In Figure 6, u for Pixel {2,15} is 0.5 cm and 
the total light path length from transmitter 3 to receiver 2 is   
t = 1 cm. Hence, Pixel {2,15} can be calculated by using 
equation (21): 
Z2,15= (0.5 cm/1 cm) × 1.632               (22) 
Z2,15= 0.816                                          (23)                                                                 
e) Pixel {2,15} is intercepted by 3 light paths coming from 
transmitters TX3,TX4 and TX5. Then, the value of Z is 
recalculated again based on the light’s path length and A 
value. The process is expanded to receivers RX2 until RX18. 
Lastly, the P value from all transmitters is totalled up and 
divided back with how many number of light path length that 
have crossed the pixel in order to get the Average value (Q). 
The Q value will be used to analyse and monitor the gas 
bubble behavior in the pipe.     
 
1,21,1 1,3 1,4 1,5 1,71,6 1,8 1,9 1,10 1,121,11 1,13 1,14 1,15 1,16 1,17 1,18
2,22,1 2,3 2,4 2,5 2,72,6 2,8 2,9 2,10 2,122,11 2,13 2,14 2,15 2,16 2,17 2,18
3,23,1 α39 3,4 3,5 3,73,6 3,8 3,9 3,10 3,123,11 3,13 3,14 3,15 3,16 3,17 3,18
α564,1 4,3 4,4 4,5 4,74,6 4,8 4,9 4,10 4,124,11 4,13 4,14 4,15 4,16 4,17 4,18
5,25,1 5,3 5,4 5,5 5,75,6 5,8 5,9 5,10 5,125,11 5,13 5,14 5,15 5,16 5,17 5,18
6,26,1 6,3 6,4 6,5 6,76,6 6,8 6,9 6,10 6,126,11 6,13 6,14 6,15 6,16 6,17 6,18
7,27,1 7,3 7,4 7,5 7,77,6 7,8 7,9 7,10 7,127,11 7,13 7,14 7,15 7,16 7,17 7,18
9,29,1 9,3 9,4 9,5 9,79,6 9,8 9,9 9,10 9,129,11 9,13 9,14 9,15 9,16 9,17 9,18
8,28,1 8,3 8,4 8,5 8,78,6 8,8 8,9 8,10 8,128,11 8,13 8,14 8,15 8,16 8,17 8,18
10,210,1 10,3 10,4 10,5 10,710,6 10,8 10,9 10,10 10,1210,11 10,13 10,14 10,15 10,16 10,17 10,18
11,211,1 11,3 11,4 11,5 11,711,6 11,8 11,9 11,10 11,1211,11 11,13 11,14 11,15 11,16 11,17 11,18
12,212,1 12,3 12,4 12,5 12,712,6 12,8 12,9 12,10 12,1212,11 12,13 12,14 12,15 12,16 12,17 12,18
13,213,1 13,3 13,4 13,5 13,713,6 13,8 13,9 13,10 13,1213,11 13,13 13,14 13,15 13,16 13,17 13,18
14,214,1 14,3 14,4 14,5 14,714,6 14,8 14,9 14,10 14,1214,11 14,13 14,14 14,15 14,16 14,17 14,18
15,215,1 15,3 15,4 15,5 15,715,6 15,8 15,9 15,10 15,1215,11 15,13 15,14 15,15 15,16 15,17 15,18
16,216,1 16,3 16,4 16,5 16,716,6 16,8 16,9 16,10 16,1216,11 16,13 16,14 16,15 16,16 16,17 16,18
17,217,1 17,3 17,4 17,5 17,717,6 17,8 17,9 17,10 17,1217,11 17,13 17,14 17,15 17,16 17,17 17,18





































Figure 6  Transmission of light towards receiver 2 
 
 
3.0  THE MEASUREMENT SYSTEM 
 
This section elaborates the hardware and software design. The 
hardware part consists of the design of pipe, sensor jig and signal 
conditions circuits. This part also introduced the use of Data-
Acquisition System (DAS) in assisting the capture of data from 
the sensors and reconstruction of images. For software design, 
the discussion covers on the LabVIEW software, the 
synchronisation system and the implementation of ICA.      
 
3.1  Hardware Design 
 
The system consists of a transparent vertical pipe made from 
acrylic material and it has a diameter of 100 mm. Eighteen pairs 
of transmitters and receivers are installed around the pipe using a 
sensor jig. The infrared transmission light is selected in order to 
ensure that the receivers have detected light from the transmitters 
only, and not the light from surrounding such as a laboratory 
lamp.  This characteristic of light is essential in order to obtain a 
good and accurate analysis. The signal conditioning circuit is 
designed to amplify the signal received from the transmitter. The 
input received by photodiode model BPV10NF is in physical 
signal form, which is represented by light. The BPV10NF 
photodiode is selected since it has a peak wavelength (λp) of 940 
nm which is the same as the peak wavelengths value of the 
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have equal or near the peak wavelength of each other in order to 
detect the infrared light.   
  The BPV10NF model has ±20° angle of half sensitivity and 
2.5 ns of rise time. The data-acquisition system (DAS) model 
U2331 manufactured by Agilent Technologies is used for 
capturing and analysing the data. The image reconstruction of 
the bubble flow is displayed using a computer. Figure 7 shows 
the overall design of the optical tomography system. The air flow 
is injected from the bottom of the vertical pipe and rises 
upwards. The quantity of bubble flow is varied by altering the 
valve in order to get a 25%, 50% and 100% of air opening. Other 
than that, the experiment using a single bubble flow and double 
bubble's flow is done for verifying the precision and accuracy of 
the system using the ICA algorithm. The result of the experiment 
demonstrates that the system can detect the existence of gas 
bubble in pure water. Five experiments have been carried out 
which are a single bubble flow, double bubble flow, 25% of air 
opening, 50% of air opening and 100% of air opening. The Q 
value for each experiment is recorded and analysed. The Q value 
is converted to concentration profile using the LabVIEW 
software.   
 
3.2  Software Design 
 
The LabVIEW software manufactured by National Instrument 
(NI) which is based on graphical system design was utilized in 
this project. LabVIEW has two components for interfacing, 
which are in the form of a block diagram and a front panel. The 
block diagram contains the graphical source code for the 
developed work such as in mathematical, analysis, testing and 
control process.  Besides, the front panel is the section where the 
graphical user interface (GUI) is created and the outcome is 
displayed. The software provides the easiest way to construct the 
GUI for analysis by containing many tools for data visualisation 





























Figure 7  An optical tomography system 
 
 
  The other advantage of using LabVIEW is that it has the 
capability to synchronise with the hardware or software from 
other companies such as Agilent Technologies, Mathworks and 
Texas Instruments (TI). The connection of the block diagram for 
synchronisation process between DAS and LabVIEW is shown 
in Figure 8. Eighteen block diagrams for analog input are utilized 
in the LabVIEW since the optical system consists of eighteen 
receivers. The range for the input voltage is from 0 Volt (V) until 
10 V and the sampling rate is set to 1000 Hz.  
 
 




4.0  RESULT AND DISCUSSION 
 
Q value is obtained from the calculation as discussed in previous 
section. Q value is the pixel value which then converted to 
concentration profile in order to get easier for indicating the 
difference of colour for each pixel in the pipe. The gas bubble 
flow condition and the result of concentration profile are shown 
in Table 1. For all experiments, the result of Q value indicates 
that the location of gas bubble can be estimated by looking at the 
higher value of the pixel. The presence of gas bubble has 
increased the value of Q as discussed in the mathematical 
modelling section. The location of bubble is shown in pink 
colour, which has the highest Q value compared to other pixels. 
The concentration profile for a single bubble flow and double 
bubble flow shows that the pink colour is located near the pipe’s 
border rather than middle of the pipe. The pixel concentration at 
the pipe’s border is higher compared to other pixels due to the 
installation of the receivers around the pipe. Most of the lights 
have a tendency to cross the pixels which are located near the 
pipe surface. Although the average value has been taken, the 
pixels’ value near that location is still high compared to other 
locations. For experiments involving 25%, 50% and 100% of air 
opening, the Q values are also high at the border of pipe.  This is 
because, some bubbles are inclined to rise towards the pipe’s 




5.0  CONCLUSION 
 
An optical tomography system has been developed for imaging 
the gas bubble behaviour in pipe using ICA algorithm. The 
imaging process has been performed without interrupting the 
process flow since the optical sensors are mounted outside the 
pipe. An optical attenuation model is described for obtaining the 
voltage properties between water and air. The Q value is 
obtained based on the ICA algorithm and the concentration 
profile for the gas bubbles flow is reconstructed. The 
concentration profile for the gas bubble flow has been 
reconstructed using the LabVIEW software and the optical 
sensors are sensitive to the variation of the gas bubbles flow 
which are single bubble, double bubble, 25% of air opening, 
50% of air opening and 100% of air opening. The presence of 
gas bubbles at pixels contain in the pipe has increased the Q 
value. Therefore, we can estimate the location and quantity of 
gas bubbles enclose in the pipe. The system has provided 
sufficient information and has the potential to be applied in the 
process industry for increasing the optimisation of the process. 
However, the system has a limitation which needs to overcome. 
150                                              Sallehuddin Ibrahim et al. / Jurnal Teknologi (Sciences & Engineering) 73:3 (2015), 145–152 
 
 
The use of filter method for concentration profile is vital 
especially for filtering the high Q value near to the pipe’s border 
which can provide better visual for gas bubbles.  
 




Gas bubble condition Concentration profile 
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